SUMMARY:
Benzalacetone synthase (BAS) and chalcone synthase (CHS) are plantspecific type III poyketide synthases (PKSs) that share ca.70% amino acid sequence identity. BAS catalyzes a one-step decarboxylative condensation of 4-coumaroylCoA with malonyl-CoA to produce a diketide benzalacetone, while CHS performs sequential condensations with three malonyl-CoA to generate a tetraketide chalcone. A homology model suggested that BAS has the same overall fold as CHS with cavity volume almost as large as that of CHS. One of the most characteristic features is that Rheum palmatum BAS lacks active site Phe215; the residues 214 LF conserved in type III PKSs are uniquely replaced by IL. Our observation that BAS I214L/L215F mutant exhibited chalcone forming activity in pH dependent manner supported a hypothesis that the absence of Phe215 in BAS accounts for the interruption of the polyketide chain elongation at the diketide stage. On the other
INTRODUCTION
The chalcone synthase (CHS) superfamily of type III poyketide synthases (PKSs) are pivotal enzymes in the biosynthesis of flavonoids as well as a wide range of structurally diverse, biologically important natural products (1, 2) . Benzalacetone synthase (BAS) (EC 2.3.1.-) catalyzes a one-step decarboxylative condensation of 4-coumaroyl-CoA (1) with malonyl-CoA (2) to produce a diketide benzalacetone (4) (Fig. 1 ). While CHS (EC 2.3.1. 74) performs sequential condensations of 4-coumaroyl-CoA with three acetate units from malonyl-CoA followed by Claisentype cyclization reaction, leading to formation of a tetraketide naringenin chalcone (6) . Further, in CHS enzyme reaction in vitro, a triketide and a tetraketide pyrone, bisnoryangonin (BNY) (4) (3) and 4-coumaroyltriacetic acid lactone (CTAL) (5) (4) are also obtained as early-released derailment by-products when the reaction mixtures are acidified before extraction (Fig. 1) . BAS is thought to play a crucial role for construction of the C 6 -C 4 moiety of a variety of biologically active phenylbutanoids including anti-inflammatory glucoside lindleyin (7) in rhubarb (5), [6] -gingerol (8) and curcumin (9) in ginger plants (6) , as well as raspberry ketone (10) , the characteristic aroma of raspberry fruits (7) . In the previous paper, we reported cloning and heterologous expression of a cDNA encoding BAS from rhubarb (Rheum palmatum), a medicinal plant that produces the pharmaceutically important lindleyin (5) . The cDNA encoded a 42 kDa protein sharing 60-75% amino acid sequence identity with other members of the CHS-superfamily enzymes including stilbene synthase (STS) from groundnut (Arachis hypogaea) (8) , 2-pyrone synthase (2-PS) from daisy (Gerbera hybrida) (9) , and acridone synthase (ACS) from common rue (Ruta graveolens) (10) .
Benzalacetone Synthase and Chalcone Synthase Recent crystallographic and protein engineering studies on alfalfa (Medicago sativa) CHS, a homodimeric 42 kDa protein, revealed the active site machinery of the chalcone forming reaction which proceeds through starter molecule loading at Cys164, malonyl-CoA decarboxylation, polyketide chain elongation, followed by cyclization and aromatization of the enzyme bound tetraketide intermediate (Fig. 2 ) (11) (12) (13) (14) (15) (16) (17) . The catalytic center of CHS is composed of four amino acid residues; the catalytic triad of Cys164, His303, and Asn336, and the "gatekeeper" Phe215, absolutely conserved in all the known type III PKSs. Interestingly, BAS is the only exception that lacks the active site Phe215; the conserved residues 214 LF are uniquely replaced by IL (numbering in M. sativa CHS) (Fig. 3) (5) . In CHS, Phe215, located at the junction between the active site cavity and the CoA binding tunnel, has been proposed to facilitate decarboxylation of malonyl-CoA and help orient substrates and intermediates during the sequential condensation reactions (Fig. 2) (12,18). We proposed a hypothesis that the absence of Phe215 in BAS maybe the reason why the polyketide chain elongation is terminated at the diketide stage, and followed by a second decarboxylation reaction to generate benzalacetone. In order to test the hypothesis, a mutant R. palmatum BAS in which the residues 214 IL were substituted by LF was constructed. Furthermore, to investigate the structurefunction relationship of the type III PKS enzymes, we also carried out functional analysis of a series of F215 mutants of CHS from Scutellaria baicalensis (19) . Enzyme expression and purification----After confirmation of the sequence, the plasmid was transformed into E. coli BL21(DE3)pLysS. The cells harboring the plasmid were cultured to an A 600 of 0.6 in LB medium containing 100 µg/mL of ampicillin at 30 °C. Then, 0.4 mM IPTG was added to induce protein expression, and the culture was incubated further at 30 °C for 16 h. The E. coli cells were harvested by centrifugation and resuspended in 50 mM potassium phosphate buffer, pH 8.0, containing 0.1 M NaCl. Cell lysis was carried out by the freeze-thaw method, and centrifuged at 15,000 g for 60 min. The supernatant was passed through a column of Pro-Bond" resin (Invitrogen) which contained Ni 2+ as an affinity ligand. After washing with 50 mM potassium phosphate buffer, pH 7.9, containing 0.5 M NaCl and 40 mM imidazole, the recombinant BAS was finally eluted with 15 mM potassium phosphate buffer, pH 7.5, containing 10% glycerol and 500 mM imidazole. Finally, the enzyme preparation was desalted by Bio-Gel P6DG Desalting gel. carried out under the same conditions as described above. The ESI capillary temperature and capillary voltage were 275 °C and 3.0 V, respectively. The tube lens offset was set at 20.0 V. All spectra were obtained in both negative and positive mode; over a mass range of m/z 120-350, at a range of one scan every 2 s. The collision gas was helium, and the relative collision energy scale was set at 30.0% (1.5 eV). Enzyme reactions with non-physiological substrates, and analysis of their product were carried out as described before (19, 21, 22) .
Enzyme kinetics----Steady state kinetic parameters were determined by using 
RESULTS
Sequence Analysis and Homology Modeling----The primary sequence of R. palmatum BAS exhibits 60 to 75% identity to those of CHS-superfamily enzymes from other plant species including M. sativa CHS (11) and G. hybrida 2-PS (25) (Fig. 3) . R. palmatum BAS maintains almost identical CoA binding site and the catalytic triad of Cys164, His303, and Asn336 (numbering in M. sativa CHS) (Fig. 3) .
In addition, the active site residues including Met137, Gly211, Gly216, Ile254, Gly256, Ser338, Pro375, along with Phe265, the CHS's second "gatekeeper" phenylalanine (2), are well conserved in BAS. One of the most characteristic features is that R. palmatum BAS lacks active site Phe215 absolutely conserved in all type III PKSs of plant and bacterial origin; the conserved residues 214 LF are uniquely replaced by IL (5). In CHS, the hydrophobic Phe215 located at the interface of active site cavity and the CoA-binding tunnel has been proposed to facilitate malonyl-CoA decarboxylation and help orient substrates and intermediates during the sequential condensation reactions (12, 18) .
In the absence of a crystal structure of BAS, we constructed a homology model based on the sequence identity of residues 5-384 of R. palmatum BAS with those of M. sativa CHS (11) and G. hybrida 2-PS (25) whose X-ray crystal structures were recently reported by Noel and co-workers. In the Ramachandran plot calculated for the model, most amino acid residues group in the energetically allowed regions with only few exceptions, primarily glycine residues that can adopt phi/psi angles in all for quadrants. The homology model predicted that R. palmatum BAS has the same overall fold as M. sativa CHS (Fig. 4) , with cavity volume estimated to be 881 Å 3 , which is almost as large as that of M. sativa CHS (1019 Å 3 ), but much larger than that of G. hybrida 2-PS (298 Å 3 ) (25) . This suggested that the active site cavity of BAS is well large enough to accommodate the tetraketide chalcone product. The BAS I214L/L215F mutant was heterologously overexpressed in E. coli as a recombinant protein with a His-tag at the C-terminal as in the case of wild-type BAS, and purified to homogeneity by a Ni-chelate column. As we had expected, BAS I214L/L215F mutant exhibited chalcone forming activity, and performed sequential condensations with three acetate units from malonyl-CoA to produce a tetraketide naringenin chalcone (6), although the activity was rather weak and a triketide pyrone, BNY (4) was obtained as a major product (Fig. 5B) . It was thus confirmed that the residues 214 IL are indeed involved in the formation of a diketide benzalacetone, and that the polyketide chain elongation was interrupted because of the absence of the active site Phe215 in BAS.
Interestingly, the chalcone forming activity of the mutant enzyme was dependent on pH, which was maximum at pH 6.5, while at pH 8.0, most of the reactions were terminated at the triketide stage, leading to formation of BNY as a major product The observed pH dependency of the activity of the mutant enzyme prompted us to reinvestigate the pH profile of the enzyme activity of wild-type BAS. Consistent with our previous report (5), it was reconfirmed that the formation of benzalacetone was maximum within a range of pH 8.0-8.5, however, interestingly, there was a dramatic change in the product profile under acidic pH. Instead of a diketide benzalacetone, formation of a triketide pyrone was dominant, and BNY was obtained almost as a single product at pH 6.0 (Fig. 6A) . This indicated that both wild-type and I214L/L215F mutant BAS performed increased number of condensation reactions under acidic condition. the structure-function relationship between BAS and CHS enzyme, the conserved active site residues 214 LF of S. baicalensis CHS were in turn substituted by IL as in the case of BAS. As a result, the chalcone forming activity of CHS L214I/F215L mutant was significantly reduced and BNY was obtained as a major product (Fig.   5D ), indicating that most of the chain elongation reactions were terminated at the triketide stage. The BNY forming activity was maximum at pH 7.0, while production of tetraketides, chalcone and CTAL, was prominent under acidic condition within a range of pH 6.0-6.5 (Fig. 6D) . In contrast, wild-type S. baicalensis CHS shows maximum chalcone forming activity at pH 8.0 (Fig. 6C) . Interestingly, both wild-type and L214I/F215L mutant CHS did not produce benzalacetone derived from the and efficiently converted to a series of chemically and structurally different unnatural polyketides (Fig. 7C) . In contrast, R. palmatum BAS showed rather narrow substrate specificities, and did not accept aliphatic CoA esters such as hexanoyl-CoA and acetyl-CoA, while benzoyl-CoA was converted to a triketide pyrone (9) (Fig. 7A) 
(5).
To further investigate the effect of the mutations, the enzyme activities of BAS I214L/L215F and CHS L214I/F215 mutant were tested with the less bulky starter analogs. Benzoyl-CoA (7) as a substrate, BAS I214L/L215F, afforded a triketide and a tetraketide pyrone (9 and 10), while hexanoyl-CoA, now accepted as a substrate, was converted to a triketide pyrone (12) (Fig. 7B) . The mutation thus resulted in increased number of condensations compared with wild-type BAS. On the other hand, CHS L214I/F215L mutant that also afforded BNY as a major product, exhibited similar product profile, which was resulted from decreased number of chain elongations compared with wild-type CHS (Fig. 7D) . Interestingly, in either case, formation of a benzalacetone-type diketide was not detected in the assay mixture. Previous studies by Noel and co-workers showed that M. sativa CHS F215W, Benzalacetone Synthase and Chalcone Synthase F215Y, and F215S mutations resulted in formation of increased levels of truncated products (12) , and that F215S mutant preferentially accepted non-physiological Nmethylanthraniloyl-CoA as a starter to produce an unnatural tetraketide pyrone (18) .
In S. baicalensis CHS, the point mutations significantly reduced chalcone forming activities and altered functional behavior of the enzyme to various degrees (Fig. 8) . Each of the Phe215 mutants exhibited 9209-fold decreases in k cat /K M for 4-coumaroyl-CoA and 72815-fold decreases in k cat /K M for malonyl-CoA compared with wild-type CHS (Table 1) . Consistent with the previous report, most of the S. baicalensis CHS mutants afforded increased levels of BNY derived from a triketide intermediate as in the case of the above mentioned L215I/F215L mutant (Fig. 8) .
Notably, F215H, F215S, and F215H mutant still retained good catalytic activities and yielded BNY as a major product. On the other hand, it was remarkable that F215Y mutation, only a small modification of the active site by an additional hydroxyl group, resulted in almost complete loss of the enzyme activity. In contrast, M. sativa CHS F215Y mutant still retained chalcone forming activity, suggesting subtle species difference of the active site structure between S. baicalensis and M. sativa (12) .
Most interestingly, none of the mutants produced benzalacetone, which indicated that there are additional subtle structural differences exist between the active site of BAS and CHS besides the residues 214 LF. In M. sativa CHS, the conformationally flexible "gatekeeper" Phe215, located at the active site entrance, is thought to facilitate decarboxylation of malonyl-CoA and help orient substrates and intermediates during the sequential condensation reactions, thus controlling the number of the elongation steps (12, 18) . Indeed, our site-directed mutagenesis of S. baicalensis CHS (L214I/F215L, F215W, F215Y,   F215S , F215A, F215H, and F215C) significantly reduced chalcone forming activities and generally afforded increased levels of BNY derived from a triketide intermediate (Fig. 8) , which was well consistent with the earlier report on M. sativa CHS mutants (F215S, F215Y, and F215W) by Noel and co-workers (12) .
Interestingly, none of the S. baicalensis CHS F215 mutants produced benzalacetone, indicating that there are additional subtle structural differences exist between the active site of BAS and CHS besides the residues 214 LF. Further modification of the active site was thus required for functional conversion of CHS to BAS. Point mutations such as G149D, V210I, T264S, and S332K (numbering in M. sativa CHS) may be good candidates for the termination of the elongation reaction and decarboxylation of the corresponding diketide intermediate, since these residues well conserved in plant CHS-superfamily enzymes, and located at or close to the active site, are uniquely absent in R. palmatum BAS (Fig. 3) . Furthermore, T197C mutation would be also interesting because of the reason as described below (2).
The primary driving force for decarboxylation reaction is thought to be the formation of carbondioxide (an entropic effect) and a stabilized carbanion.
Decarboxylation is thus facilitated by initial protonation of the β-carbonyl group in β-keto acid and by stabilization of the resulting anion, as proposed in the malonyl-CoA decarboxylation (Fig. 2) . Alternatively, enzymatic decarboxylation may also involve a Thr197 sterically altered in a number of divergent type III PKSs is replaced by a reactive cysteine in BAS (2). As mentioned above, T197C mutation would be thus very interesting, however, in the absence of crystal structure of BAS, the precise geometry of the active site of the enzyme still remains to be unknown.
Alternatively, the decarboxylation of a diketide intermediate may be also catalyzed by His303 and Asn336, the same active site residues involved in the malonyl-CoA decarboxylation by forming an "oxyanion hole" that accommodates the negatively charged transition state (Fig. 2D) . In the absence of the aromatic Phe215, Interestingly, 4-coumaroylacetic acid, the diketide without decarboxylation process, has never been detected in the assay mixture.
The pH dependence of the polyketide chain elongations was remarkable. Table 1 ).
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